Systolic and diastolic blood pressures are reported as single point values by the non-invasive techniques used in clinical practice, while, in fact, they are highly varying signals. The objective of this study was to document the magnitude of variation of systolic and diastolic pressures over a few minutes by analysing intra-arterial pressure recordings made in 51 haemodynamically stable patients in an intensive care unit. Intra-arterial pressure data were acquired by a validated data acquisition system. Fast-Flush test was performed and the dynamic characteristics of the catheter transducer system namely natural frequency and damping co-efficient were calculated. Only those recordings with acceptable dynamic characteristics were included in the analysis. Power spectral calculation using the Discrete Fourier transform (DFT) of the pressure recording revealed two frequency peaks below the peak at heart rate. The lower and higher frequency peaks below the heart rate peak are referred to as Mayer and Traube waves in this study. Mayer wave peaks were observed in DFT spectra of 49 out of 51 patients. The Mayer wave frequency peaks ranged between 0.045 Hz to 0.065 Hz in 41 out of 51 patients. The frequency of Traube waves or the respiratory variations was more than 0.14 Hz. Three categories of systolic and diastolic pressure variabilities namely beatto-beat variability, Respiratory variability (Traube wave amplitude) and Total magnitude of variation are reported for all 51 patients. The mean systolic and diastolic pressure variations (in a period of about 10 minutes) in the study sample were 21 ± 9 mm Hg and 14 ± 5 mm Hg respectively. Given the magnitude of systolic and diastolic pressure variations over a few minutes, the validity of reporting single point values for these pressures and using single point cut-offs for diagnosis and treatment of hypertension must be re-evaluated.
Introduction
Blood pressure and its measurement are of vital importance in clinical evaluation of cardiovascular status. The two most popular non-invasive methods of estimation of blood pressure are the manual method, based on Korotkoff sounds and the automated method based on cuff pressure oscillations. Both these methods report single point values for systolic and diastolic pressures. However, it is common knowledge that systolic and diastolic blood pressures vary at multiple frequencies, with wavelengths of the order of seconds to minutes (very short term Blood Pressure Variability, (BPV)), hours (24-hour BPV, short-term BPV), weeks (mid-term BPV) or even seasons (long-term BPV) [1] . In fact, no two consecutive pressure cycles have the same systolic and diastolic blood pressures and the concept of beat to beat variability is well-established. Such variations in systolic and diastolic pressures can be appreciated best in an intra-arterial recording using a fluid-filled catheter connected to a pressure transducer, which being a direct measurement of the pressure in the artery may be considered the gold standard for BP measurements [2] , provided care is taken to avoid measurement errors due to air-bubbles, blood clots and compliance of the tube in the catheter system. Intra-arterial BP is an invasive method and it is not possible to perform measurements with invasive techniques in routine clinical practice. There are non-invasive methods which claim to provide real time arterial pressure measurements. These methods are the volume-clamp method using a finger cuff and radial artery applanation tonometry. Some of these techniques and their decidedly limited usefulness are reported by [3] [4] [5] .
Given the variability of systolic (SBP) and diastolic (DBP) blood pressures, the usefulness and credibility of making single point estimates of the two pressures with the non-invasive methods used in routine clinical practice needs re-evaluation.
Determining the variability of SBP and DBP is of crucial importance in understanding cardiovascular health. The role of blood pressure variations in target organ damage has been documented extensively [6] [7] [8] . Short term variability in both systolic and diastolic pressures is purported to be an independent risk factor for cardiovascular events or stroke [9] . It is also reported that antihypertensive drugs may either augment or reduce the variations in pressure. Atenelol is associated with a higher BPV, and does not reduce the incidence of stroke, even though it reduces mean systolic blood pressure. Addition of diuretics and calcium channel blockers to atenelol help in reducing risk of stroke and such reduction in stroke incidence is associated with a reduction in blood pressure variability [9] .
This study reports the amplitude and nature of variations in SBP and DBP over a period of few minutes from intra-arterial recordings made in humans. Currently published information about blood pressure variation is limited and several published reports show poorly controlled dynamic characteristics of the fluid-filled catheter pressure measurement system making their data of limited value. Unless the pressure measurement system has a sufficient frequency bandwidth and appropriate damping, the measured waveform can be significantly erroneous.
It is desirable to have normative data for blood pressure variability for various categories of the population. As a first step, we have recorded intra-arterial blood pressure data from 51 patients in a surgical intensive care unit. The objective was to document the degree of variability seen in individuals, even though it is not a normal/control population, to illuminate the approximation in current non-invasive methods in routine clinical practice that report a single point value for SBP and DBP.
Methods
Ethical and research aspects of this study were approved by the institutional review board (IRB). Conscious patients in the surgical ICU, with arterial pressure cannulae placed as standard of care were recruited in the study, after obtaining informed consent, when their blood pressure was stable, and they were not on vasoconstrictor or inotrope support. The transducer by design is positioned between the intra-arterial catheter and a pressurized fluid reservoir containing sterile perfusion fluid. The pressure at the transducer would be a value between the pressure in the artery and the pressure in the reservoir. The pressurized reservoir is held at a pressure of about 300 to 400 mm Hg. The resistance between the reservoir and the transducer is much higher than the resistance between the intra-arterial catheter and the transducer. Therefore, the pressure at the transducer is closer to the intra-arterial pressure and exceeds it by a negligible amount.
The higher pressure at the catheter ensures that blood does not enter the tubing connecting the catheter to the transducer. The pressure transducer output was connected to a data acquisition system (CMCdaq, a validated data recorder used in several labs in our institution) and data were acquired at a sampling frequency of 1KHz The pressure transducer was positioned at the level of intersection of the 4th intercostal space with the mid-axillary line (phlebostatic axis) and the threeway valve was opened to air for zeroing with respect to atmospheric pressure. The three-way valve was then switched to connect the transducer to the intra-arterial catheter and recording was begun.
Gardner [10] recommends that the natural frequency and damping coefficient of the pressure recording system be reported in all cases where accuracy of systolic pressure measurement is critical. These two parameters were assessed with a fast-flush test where a high-pressure pulse is applied to the transducer (with a pull of the fast-flush valve provided in the disposable pressure transducer, opening it to the high-pressure bag), followed by a quick release, allowing the cathetertransducer system to oscillate at its natural frequency on termination of the applied high-pressure plateau.
The natural frequency (ω n ) and the damping coefficient (ζ) of the system were calculated from the oscillating waves at the end of the pressure pulse ( Figure 1 ). Gardner [10] reports combinations of the two parameters (ω n and ζ) which are adequate for accurate pressure recording in the form of a plot (see figure 2 ). The inner shaded area in figure 2, defines the boundaries for heart rates about 118 beats per minute (bpm) and the outer envelope defines the boundaries for a heart rate of 95 bpm. Gardner (1981) From the above discussion, the higher the heart rate, the higher should be the natural frequency of the catheter-transducer system and narrower the range of acceptable damping coefficients. For want of better assessment of the adequacy of the dynamic response of the catheter system, we have obtained the two parameters for every patient recording, plotted them against each other and overlaid them on the Gardner plot ( Figure 3 ).
Figure 1: Dynamic response of catheter transducer system during a fast-flush test in a patient

Figure-2: Boundary conditions for determining adequacy of the dynamic characteristics of the catheter-transducer system -Reproduced with permission from
Figure-3 Plot of natural frequency versus damping coefficient for flush test data from 51 patients superimposed over the reference Gardner plot
The natural frequency of the recording system and the damping coefficient were calculated as described below. The time and amplitude of at least two extrema (minimum and/or maximum) are measured. Assuming that the flush test, or step response, can be approximated by a simple second order system response, the natural frequency and the damping coefficient were calculated using standard procedures. Briefly stated, the period of oscillation yields the damped frequency of the system, and the rate of decline of the amplitude swing yields the damping coefficient; the damped frequency corrected with the damping coefficient gives the natural frequency of the system. It is assumed in our calculations that the system oscillates around the mean arterial pressure of the pulses around the flush test.
The damping coefficient for flush test from each patient was plotted against the natural frequency ( Figure 3 ). If the point fell within the acceptable boundaries shown in Figure 3 
Results
Intra-arterial pressure data from 51 recordings with acceptable flush test criteria were analysed. Systolic and diastolic pressures in all individuals varied considerably during the duration of recording. Comprehensive analysis of one dataset is first presented to demonstrate the methodology of analysis. Figure 4 is the raw data obtained from a patient. Figure 5 Figure 4 (patient no 46)
The first order variation in arterial pressure occurs at the heart rate. Two other lower frequencies of variations are known to occur in arterial pressure. One at the respiratory frequency is referred to as Traube waves (second order variation), and another at a frequency lower than respiratory frequency (third order variation) is referred to as Mayer waves. Criteria for identifying Mayer and Traube waves from DFT spectrum: The lowest frequency peak in the DFT spectrum, which was also less than 0.12 Hz is identified as Mayer wave peak.
When there were only two peaks to the left of the heart rate peak in the DFT, the higher one was taken as the Traube wave peak; when there were multiple peaks to the left of the heart rate peak, the one that was closest to the Traube wave frequency calculated by a second method (as inverse of wave period (see row 6 of Table 1 )) was taken as the Traube wave peak. However, this was not consistent. In some patients, the Mayer wave amplitude was larger. One such power spectrum is presented in Figure 11 . Standard deviation of systolic pressure from the mean was also determined. These data are shown in row 1 of table 1. Traube wave frequency (Hz) computed as inverse of wave period 0.37 ± 0.07 0.37 ± 0.07
Beat to beat variation in systolic pressure was calculated as the difference between two consecutive systolic pressure values. The values for the whole recording were averaged and mean ± SD of beat to beat variation is shown in row 2 of table 1.
Traube wave amplitudes were computed for every wave seen in figure 6 as the difference between Total magnitude of systolic pressure variation in the individual is calculated as the difference between maximum and minimum systolic pressures obtained as just stated. The total variation in systolic pressure during the recording period is given in row 5 of table 1.
Traube wave frequency was computed as inverse of wave period for every Traube wave cycle.
Mean and SD of the frequency was calculated for the entire duration of the recording and the data is shown in row 6 of table 1.
Similar calculations were done for diastolic pressures and the data is found in table 1. Table 1 is presented in figure 12 . Data for systolic pressure variability in rows 2, 3 and 5 are presented in figure 13 and that for diastolic pressure variability in figure 14 . Data from all recordings were subjected to analyses as above and the data for all 51 patients is presented in the following sections.
Data in rows 1 and 4 of
Data for the whole sample:
Frequency of BPV in the study sample: Discrete Fourier transform (DFT) spectrum calculation were performed on each intra-arterial pressure recording (see figure 15 ). Peak frequencies of Traube and Mayer waves were obtained from DFT power spectra. Frequency of Traube waves was also calculated as the inverse of duration of each Traube wave and averaged. A plot of the frequencies obtained for all 51 patients is shown in figure 15 . In 49 out of 51 patients there were clear peaks on the DFT spectrum that could be identified as Mayer wave peaks as per our criteria. Figure 16 is a histogram of Mayer wave frequencies in the study sample. From figure 16 and 17, it can be stated that the major Mayer wave frequency band in the study sample was 0.045 to 0.065 Hz.
Figure-15 Frequencies of pressure variations in 51 patients
Figure-16 Histogram of Mayer wave frequency in the sample (49/51 patients)
The parameters found in Table 1 (for a single patient) were calculated for all 51 patients. Sample means were calculated for all parameters in Table 1 and the values are given in Table 2 . The Mean value (± SD) for the magnitude of systolic pressure variation in the sample was determined to be 21 ± 9 mmHg and that of diastolic pressure variation as 14 ± 5 mmHg. 
Magnitude of variations in
Discussion
Dynamic characterization of the catheter-transducer system: The dynamic response of the fluid-filled catheter-transducer system must be sufficiently good to reproduce the pressure waveform with high fidelity and minimal distortion. If the natural frequency of the catheter system overlaps the frequency band of the signal, there will be resonance and undue amplification of the signal at the resonant frequency. Therefore, the catheter system must have a natural frequency much higher than the highest frequency component of the recorded signal. In the case of arterial pressure, the highest frequency component of the pressure pulse would be the fast upstroke during systole.
In addition to the natural frequency of the catheter system, the other parameter that determines the fidelity of the recorded signal is the damping coefficient. Under-damping can lead to falsely high systolic pressures and resonant ringing of the pressure pulse [2] , while over-damping will conversely lead to diminution of the amplitude, loss of details like the dicrotic notch in addition to falsely low systolic pressures.
Natural frequency and damping co-efficient are not quantified in current clinical practice.
The assessment of dynamic characteristics is qualitative based on display of the fast-flush test on the monitor. Small changes in natural frequency and damping co-efficient can significantly alter wave form, resulting not only in errors in systolic and diastolic pressures but also in timing of systolic peak and dicrotic notch, and these errors will propagate in calculation of other parameters, for e.g., pulse transit time (PTT). For accuracy of pressure measurement, quantitation of the natural frequency and damping co-efficient must become part of routine clinical practice.
Frequency of Blood pressure variations:
An important observation in this study is the frequency band of the Mayer waves or the third order variations in blood pressure. Traube was the first to study variations in blood pressure and observed the respiratory (second order) variations and third order variations occurring at a frequency lower than respiratory variations. Mayer is reported to have studied the slower third order variations further [11] . The third order variations are commonly referred to as Mayer waves by many research groups [12] [13] [14] [15] though there are references to these as Traube-Hering-Mayer waves and even arguments that they must be referred to as Traube waves only after the original discoverer [16] . There are others who have referred to the respiratory variations (second order) as Traube waves and the low frequency variation (about 0.1 Hz) as Mayer waves [17] . In keeping with current trends, we have referred to the low frequency variation (third order) as Mayer waves and to give credit to the pioneer in the field, while avoiding confusion, we have referred to the respiratory variation in arterial pressure as Traube waves, along the lines of Karemaker (1999) [17] .
The Mayer wave frequency has been reported to be about 0.1 Hz in several articles [15, 18] while others have given a range of 0.05 to 0.15 Hz [14, 19] . In this context, we draw attention to the fact that in 49 out of 51 patients who had a Mayer wave peak in the DFT, the frequency was less than 0.12 Hz. In 41 out of 51 patients, the Mayer wave frequency range was 0.045 Hz to 0.065 Hz.
It may therefore be stated that the major Mayer wave frequency band in humans may be 0.045 to 0.065 Hz, keeping in mind that the study sample is a patient population, however, haemodynamically stable. The other possibility is that Mayer wave frequency shifts to a lower range in acute illness.
The Mean value (± SD) for the magnitude of systolic pressure variation in the sample was determined to be 21 ± 9 mm Hg and that of diastolic pressure variation as 14 ± 5 mm Hg. These values are not from a normal population and may not represent normal variability. What we intend to convey is that while the systolic pressure in an individual can vary by as much as 21 mm Hg or more during a few minutes of recording, getting a point value for systolic pressure as provided by The latest American and European guidelines for diagnosis and treatment of hypertension depend on single point cut-offs for systolic as well as diastolic pressures [20] . However as documented by others and as shown here, systolic and diastolic pressures vary considerably even over a few seconds and a blood pressure report should ideally contain the range of systolic and diastolic pressures in the individual during the recording period. In the study sample, there are 14 patients whose systolic pressure range includes 140 mm Hg which is the cut=off for diagnosing hypertension. Single point estimates of systolic pressure in these individuals will yield values anywhere in the range, i.e., higher than or lower than 140 mm Hg (if there are no measurement errors) and probabilistically, the values will differ with every measurement making it difficult to decide whether to treat or not.
In figure 17 , it is also noted that the Traube wave amplitude in most patients is less than half of the total variability. This is true even in patients in whom the power of the Mayer wave in a DFT spectrum is much less than that of the Traube wave, where the difference between the total variation (including the Traube wave amplitude) and the Traube wave amplitude is higher than the Traube wave amplitude per se (see figures 10 and 13-they are from patient number 46). We may infer from this that the magnitude of the overall variation even over a period of 10 minutes is not well-captured by estimation of the Traube wave amplitude -there are other variations that may be irregular and consequently of lower frequencies.
Conclusion
The magnitude of systolic and diastolic pressure variations in a period as short as 10 minutes is sizeable and therefore it is imperative that methods of assessing the entire range of pressures in an individual are developed for meaningful assessment of cardiovascular status.
